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ABSTRACT 
Bacteriophage provide high specificity to bacteria; receiving interest in various 
applications and have been used as target recognition tools in designing bioactive surfaces. 
Several current immobilization strategies to detect and capture bacteriophage require non-
deliverable bioactive substrates or modifying the chemistry of the phage, procedures that 
are labor intensive and can damage the integrity of the virus. The aim of this research was 
to develop the framework to physisorb and chemisorb T4 coliphage on varied sized 
functionalized silica particles while retaining its infectivity. First, silica surface 
modification, silanization, altered pristine silica colloids to positively, amine coated silica. 
The phages remain infective to their host bacteria while adsorbed on the surface of the 
silica particles. It is reported that the number of infective phage bound to the silica is 
enhanced by the immobilization method.  It was determined that covalent attachment 
yielded 106 PFU/ml while electrostatic attachment resulted in 105 PFU/ml. 
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 CHAPTER 1 
.INTRODUCTION 
1.1 Motivation of this work  
Bioactive substrates functionalized with specific recognition moieties to detect and 
capture bacteria attract increasing interest in several fields. The capacity of a material to 
specifically recognize a bacteria or pathogen can have important applications as medical 
antimicrobial surfaces (Dixon et al. 2014; Carson et al. 2010; Hosseinidoust et al. 2011; 
Ferreira et al. 2015; Gervais et al. 2007), for food processing (Singh et al. 2013;  Brovko 
et al. 2012;  Endersen et al. 2014;  Atterbury et al. 2003; Higgins et al. 2005; Sillankorva 
et al. 2012), as biofouling control in membrane systems (Goldman et al. 2009; Harper et 
al. 2014; Malaeb et al. 2013), or for biosensors for bacterial capture and detection 
(Hosseinidoust et al. 2011; Arya et al. 2010. ; Gervais et al. 2007, Olsson et al. 2016;  
Hagens & Loessner 2007 ; Mahony et al. 2011; Greer 2005;  Srey et al. 2013;  Tolba et al. 
2010). Bacteriophages, bacterial-specific viruses, can provide the high specificity to 
bacteria that was desired for these applications and have been used as specific recognition 
tools in designing bioactive surfaces (Hosseinidoust et al. 2014). Bacteriophages are used 
as model systems due to their ubiquity in the environment, extreme specificity to target 
bacteria cells, and high infection efficiency (Hosseinidoust et al. 2011). Tailed coliphages 
have been previously studied on surfaces for bacterial capture through different means of 
immobilization. Electrostatic and covalent methods were studied with glass slides 
(Hosseinidoust et al. 2011), gold surfaces (Gervais et al. 2007; Arya et al. 2010; Singh et 
al. 2013; Naidoo et al. 2012, magnetic (Tolba et al. 2010) , cellulose (Tolba et al. 2010),  
and silica beads (Cademartiri et al. 2010).  
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Several challenges arise when designing a functionalized, deliverable phage carrier 
since, to preserve the bioactive properties, the immobilized phage must retain its 
infectivity. The used functionalization chemistries have the potential to damage phage 
integrity and/or decrease phage infectivity due to unfavorable conditions like solvents, 
temperature, and pH (Dixon et al. 2014;  Hosseinidoust et al. 2011). Physisorbed, 
electrostatically attached phage, can detach from a substrate due to shear or changes in 
conditions of the medium (Dixon et al. 2014), creating possible instability and phage 
detachment. Chemisorbed or covalent attachment offers a stronger bond; however, virions 
will bind to the surface in an uncontrolled orientation, resulting in random immobilization 
(Dixon et al. 2014; Hosseinidoust et al. 2011; Singh et al. 2013), also true with electrostatic 
attachment. It is crucial that the immobilized phages are oriented on the surface in such a 
way that it leaves its capture proteins on its tail, exposed to be able to interact with its host. 
It has been theorized (Hosseinidoust et al. 2011; Cademartiri et al. 2010; Tolba et al. 2010; 
Anany et al. 2011) that the reason for lower capture efficiency of asymmetric phages was 
their variable orientation on the surface, leaving the tail fibers, responsible for bacterial 
capture, unexposed and unable to interact with the host receptors.  
 The overarching goal of this project was to explore a framework to bind and orient 
immobilized bacteriophages onto functionalized silica particles, while maintaining 
infection potential of the phage and host’s physiological state. The model bacteriophage 
T4, an asymmetric tailed phage that use Escherichia coli as hosts (Dixon et al. 2014), were 
used to evaluate and compare different immobilization methods based on electrostatic or 
covalent attachment. Electrostatic attachment is a method that utilizes charge differences 
to attract the bacteriophage onto the functionalized silica particle. On the other hand, 
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covalent attachment uses chemisorb method to attach bacteriophage on the functionalized 
silica particle through a covalent bond through amide coupling reaction (Hosseinidoust et 
al. 2011). Electrostatic and covalent attachment is illustrated in Figure 1.  
 
Figure 1: Electrostatic and Covalent Attachment 
 
 These two phage-immobilization methods were compared to identify how the surface 
binding chemistry affect the yield of functionalization and the infectivity of the surface-
immobilized phage.  
1.2 Thesis Hypotheses and Objectives  
The specific hypotheses of this project were: 
1. The yield of immobilization will be dependent on the immobilization pathway 
2. The infectivity of the phage will be affected differently by different immobilization 
pathways 
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The following objectives were met to test the hypothesis: 
1. Modify pristine silica colloids with amine groups using (3-Aminopropyl) 
triethoxysilane as the modifying agent through silanization. 
2. Characterize silica particles before and after modification.  
3. Adsorb, physisorb and chemisorb, wild type T4 bacteriophage to modified silica 
spherical colloids.  
4. Evaluate the infectivity of phage adsorbed to silica particles. 
5. Quantify the adsorption of phages to silica particles. 
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CHAPTER 2 
BACKGROUND LITERATURE 
2.1 Bacteriophage as model system  
Bacteriophages, or phages, are the most abundant organisms in the biosphere 
(Bartual et al. 2010) and have been studied as model systems for development of methods 
for detection and control of pathogenic bacterial viral infection and replication (Zhang et 
al. 2013). They are often model structures as they are readily available to be produced in 
large quantities at a low cost. They are also structurally robust and their resistance to heat, 
pH and solvents allows them to be stored for long periods (Arya et al. 2010). Most phages 
possess specific host receptor binding capability, meaning they can only infect a specific 
bacteria strain, leaving the other strains unharmed (Arya et al. 2010; Meder et al. 2013; 
Hosseinidoust et al. 2011). Viruses that infect Escherichia coli are called coliphages or T-
phages. Representative of more than 95% of the known bacteriophages (Dixon et al. 2014), 
T4 belong to the Myoviridae (contractile tails) family of the Caudovirales order (Bartual 
et al. 2010) and are typically 200 nm long (Hosseinidoust et al. 2014; Fokine 2013; Yap & 
Rossmann 2014). They are asymmetric tailed phage (Dixon et al. 2014) and exhibit high 
infective efficiency due to its complex tails and two sets of host-cell binding (Leiman et al. 
2010). 
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2.1.1 Structure of T4 Bacteriophage 
A phage virion usually consists of a capsid, or head, protein envelope encasing 
double-stranded DNA (dsDNA), a collar with short whiskers, and a contractile tail with a 
baseplate that contains short tail fibers (STFs) and long tail fibers (LTF) (Hendrix 2002). 
The structure of T4 phage is illustrated in Figure 2 and comprises five important 
components 
 
Figure 2: Structure of Bacteriophage (Maghsoodi et al. 2016) 
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(1) The T4 negatively charged capsid head is an elongated prolate, meaning that it has 
two icosahedral ends and a cylindrical mid-section elongated icosahedron (Yap & 
Rossmann 2014). In T4, the head is 120 nm long and 85 nm wide (Hosseinidoust et al. 
2014; Fokine et al. 2013; Yap & Rossmann 2014). Two accessory proteins, Hoc (highly 
antigenic outer capsid protein) and Soc (small outer capsid protein) cover the surface of 
the capsid (Nakagawa et al. 1985; Yap & Rossmann 2014; Hosseinidoust et al. 2014). Soc 
maintains the stability of the head under extreme environments (Rao & Black 2010; 
Hosseinidoust et al. 2014). Whereas, Hoc, exposed on the outer surface of the head, is 
presumed to provide survival advantages to the phage and gives the capsid its negative net 
surface charge (Rao & Black 2010; Zhang et al. 2013).   
(2) The neck of T4 consists of a collar and whiskers. The function of the T4 whiskers 
is to facilitate long tail fiber assembly and retraction under conditions unfavorable for 
infection (Conley & Wood 1975; Vegge et al. 2006; Ainsworth et al. 2014). The collar has 
a similar structure independent of whether the tail is extended or contracted (Aksyuk et al. 
2009), while the whiskers change their arrangement during the tail contraction during 
infection (Fokine et al. 2013).  
(3)  The tail is composed of the tail tube surrounded by a helical sheath. The tube and 
sheath are attached to the end of the baseplate, oriented away from the head (Leiman et al. 
2010). The contraction of the sheath initiates the penetration of the tube through the outer 
membrane of the host, creating an opening for DNA ejection from the T4 capsid into the 
host cell (Hu et al. 2015). The tail sheath contracts from 92.5 nm to a final length of 42 nm, 
and the diameter increases from 24 to 33 nm (Leiman et al. 2003). 
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(4) The baseplate functions as an anchor and pivot for the tail fibers (Leiman et al. 
2003). During the infection process, following the attachment of the tail fibers to the host 
cell, a signal initiates genome ejection and the baseplate undergoes a conformational 
change. The baseplate changes its arrangement from a hexagonal dome-shaped to a planar 
star-shaped structure (Fokine et al. 2013). 
(5) The long tail fibers (LTFs) attached to the baseplate are sensors that recognize 
receptor molecules on the host surface (Yap & Rossmann 2014). Their charge gives the 
net, positive charge of tail (Anany et al. 2011). There are six short tail fibers (STFs), usually 
folded beneath the baseplate, that unfold upon host cell recognition. After unfolding the 
STFs irreversibly bind to the host cell; increasing the efficiency of infection (Yap & 
Rossmann 2014; Bartual et al. 2010). In addition, the tail improves the efficiency of 
infection by driving the tail tube through the outer host cell membrane for the delivery of 
phage genome into the cell.  
2.1.2 Lytic cycle of coliphage, infection process  
Infection known as phage reproduction, or lytic cycle, begins when T4 virion and 
a susceptible host cell, E. coli, intersect. The different steps leading to host infection by 
the phage are shown in Figure 3. 
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Figure 3: Lytic Cycle between a phage and its bacterial host 
 
Before viral infection, the bacterial cell replicates its own DNA through cell 
division. Host recognition occurs through the interaction between the long tail fiber’s tip 
and the proteins of the outer membrane of the cell (Bartual et al. 2010). More than one 
virion can simultaneously absorb a single cell. After attachment to the host bacterium, 
absorption begins as a signal is sent to the base plate for the short tail fibers (Bartual et al. 
2010). The short tail receptor recognizing tips then irreversibly attach to specific receptors 
on the surface of E. coli. This binding is followed by tail sheath contraction while the 
hollow inner tail tube penetrates the cell wall and injects its viral DNA into the bacterium’s 
cytoplasm (Dixon et al. 2014; Leiman et al. 2010). Lytic phages destruct the bacterial host 
by weakening the cell wall which ultimately lyse, or burst to release 100-200 progeny 
virions (Hosseinidoust et al. 2011; Flynn et al. 2004).  
2.2 Application of phage-functionalized surfaces 
 Phages can be used as specific recognition moieties in designing bioactive surfaces. 
These substrates have a wide range of applications in biosensors and as 
antimicrobial/antibiofilm surfaces (Curtin & Donlan 2006). Numerous approaches have 
Detection Attachment Infection Replication Assembly Lysis and Release 
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been reported in literature to effectively immobilize phage on a substrate. Common 
approaches to immobilize bacteriophage include physisorption, covalent attachment, 
genetic modification and adhesive coating with varying materials and chemistries. Phages 
express certain peptides that can then be immobilized on a surface if the surface is coated 
with a peptide specific ligand (Dixon et al. 2014). Phage-functionalized surfaces for 
bacterial capture have been previously studied on glass slides, gold, magnetic beads, 
cellulose beads and silica beads (Dixon et al. 2014; Cademartiri et al. 2010).  
2.2.1 Silica as a bioactive substrate  
Silica (SiO2) is an inexpensive, versatile, high specific surface area substrate whose 
surface can be promptly modified (Cademartiri et al. 2010; Dixon et al. 2014; Majoul et al. 
2015). Advantages also include biocompatibility, stability in different environments and 
low cytotoxicity (Ferreira et al. 2015). Through silica silanization, it is achievable to 
harness a broad variety of organofunctional groups, including carboxylic acids, alkyl 
chains, sulfates, aromatic compounds, polymers (Cademartiri et al. 2010) specifically 
focusing on amines. A popular modifying agent for silica is 3-
(aminopropyl)triethoxysilane (APTES), an organosilane coupling agent that chemically 
react with silica to add amino groups to the substrates (Majoul et al. 2015). 
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2.2.2 Chemical functionalization of silica  
Silanization is the product of the reaction of bond formation between the silicon 
oxide, also known as silica, and the APTES molecules, seen in Figure 4 due to its amino 
terminal-group.  
 
 
 
Figure 4: APTES structure   
 
The reaction consists of: (1) hydrolysis of the alkoxy groups and (2) covalent 
adsorption of the hydroxysilane product, resulting in the formation of an aminopropyl 
silane film (Pasternack et al. 2008;  Golub et al. 1996). Silanes are attached through the 
formation of a Si-O-Si bonds between the surface and the silanol groups (Golub et al. 
1996). The silanization reaction is illustrated in Figure 5.  
 
 
 
 
 
Figure 5: Silanization (Acres et al. 2012) 
 
 
12 
 In such formation, the amine group is pointing away from the surface, thus toward 
the liquid phase. This leaves free amine groups available for further bonding. The amine 
functionalities are assumed to compete with the alkoxy or silanol groups for surface sites 
during the chemisorption process (Acres et al. 2012), giving variability of adsorbed species. 
A combination of species is possible of the silanization reaction as seen in Figure 6: (a) 
reaction of one (b) reaction of two ethoxy group with silanol-terminated silica, (c) 
attachment of three ethoxy groups to form a siloxane group and (d) cross-linking of the 
APTES molecules on the surface. 
 
 
 
 
 
 
Figure 6: Adsorbed Species (Acres et al. 2012)  
 
The type of solvent and temperature used during the reaction strongly affects the 
density and conformation of the covalently attached APTES molecules to the silica surface 
(Pasternack et al. 2008). Temperatures paired with anhydrous techniques promote binding 
of APTES molecules to the surface and increase the molecular density, without harming 
the surface integrity (Majoul et al. 2015). Amines are recognized to be hygroscopic, 
therefore trace amounts of water are absorbed, emphasizing the use of anhydrous solutions 
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(Acres et al. 2012).  APTES forms an internal zwitterion in water and therefore anhydrous 
solvents such as toluene are used to produce a more uniform monolayer deposition (Acres 
et al. 2012; Pasternack et al. 2008). Attaining the optimal structure and density of the 
aminosilane layer with terminal amines in the outermost layer will result in complete 
silanization and therefore functionalized for bacteriophage immobilization. However, 
producing a uniform monolayer with the amine groups oriented away from the surface can 
be a complex issue, as APTES is very sensitive to a reaction conditions (Pasternack et al. 
2008).  
Previous studies have used temperature to strengthen and densify APTES layer 
based on the assumption of the formation of Si-O-Si bonds (Golub et al. 1996). Higher 
temperatures increase the Brownian motion of the molecules in the liquid. The increased 
motion promotes molecules to move and hydrolyze the Si-O-C, to form Si-O-Si bonds 
(Acres et al. 2012). After the reaction, the modified surface is oven dried to remove the 
surplus solvent. It has been found that air-dried APTES forms one or two siloxane bonds, 
whereas oven dried tended to form three siloxane bonds with the surface (Aissaoui et al. 
2012).  
2.2.3 Phage binding to silica  
Electrostatic attachment of phages utilizes the charge difference between the T4 
capsid, negatively charged and its positively charged tail, seen in Figure 1. To immobilize 
an infectious T4, the tail must be oriented out, thus the capsid must be immobilized on the 
surface. APTES is used to functionalize pristine silica particles, inherently negatively 
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charged, to positively charged colloids through amine groups. This promotes the tail-out 
orientation of the T4 phage on the particle.  
Chemical binding, or covalent attachment immobilizes the phage through covalent 
bonds between the capsid and functionalized silica colloid. Amide coupling reaction 
between naturally-occurring capsid carboxyl acid groups and amine groups on silica 
particles are displayed. Cross-linking was performed exposing the phage, thus their 
carboxylic acid to EDC, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide and NHS, N-
Hydroxysuccinimide. EDC and NHS were used to activate the carboxylic acid functional 
groups on the phage surface to amine-reactive succinimidyl esters (Dixon et al. 2014), seen 
in Figure 7. The EDC/NHS-activated phages were then exposed to modified silica particles 
to covalently attach by amine-coupling (amide bond) reaction between the amines on 
particles and succinimidyl esters on phage capsid.  
 
 
 
 
 
 
 
 
Figure 7: EDC/NHS crosslinking reaction scheme (Thermofisher Scientific) 
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2.3 Previous related studies of bacteriophage adsorbed on functionalized surfaces 
Bacteriophage favorable functionalized surfaces have been demonstrated to be 
applicable as medical antimicrobial surfaces (Dixon et al. 2014; Carson et al. 2010; 
Hosseinidoust et al. 2011; Ferreira et al. 2015; Gervais et al. 2007) for food processing 
(Singh et al. 2013; Brovko et al. 2012; Endersen et al. 2014; Atterbury et al. 2003; Higgins 
et al. 2005; Sillankorva et al. 2012),  as biofouling control strategy in membrane systems 
(Goldman et al. 2009; Harper et al. 2014; Malaeb et al. 2013), or for biosensors 
(Hosseinidoust et al. 2011; Arya et al. n.d.; Gervais et al. 2007; Olsson et al. 2016; Hagens 
& Loessner n.d.; Mahony et al. 2011; Greer 2005; Srey et al. 2013; Tolba et al. 2010). In 
these functions, bacteriophage immobilization on the surface is tailored to the specific 
surface properties and the desired application. 
Investigations of bacterial capture efficiency of model phage on functionalized flat 
surfaces (Dixon et al. 2014; Hosseinidoust et al. 2011) in  presence of environmental 
interferents (Dixon et al. 2014) have been performed. This medical application, used for 
antimicrobial surfaces, investigated bacterial attachment to phage-coated, flat, APTES 
dipped glass disks tested on various phages, including T4. Bacteriophages were then cross-
linked to the amino-silane surface groups to couple carboxyl groups in the phage protein 
to amine groups on the disk surface, otherwise known as covalent attachment. It has been 
found that phages could orient themselves in a manner to promote host attachment and 
infection through their receptors. To infect, T4 must be immobilized on the surface with 
its tail fibers oriented away from the surface to capture the bacteria (Dixon et al. 2014; 
Hosseinidoust et al. 2011; Cademartiri et al. 2010). A portion of the T4 population was 
inactive, due to its orientation of tail attached to the surface while another portion was 
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oriented favorably with its tail facing away from the surface. Studies have concluded that 
phages oriented sideways on the surface have the capacity of capturing bacteria with lower 
efficiency (Dixon et al. 2014, Hosseinidoust et al. 2011). Environmental interferents were 
investigated under potential environmental conditions (Dixon et al. 2014);  phage proved 
to be robust but can detach from the substrate due to shear forces or changes in temperature, 
pH and ionic strength of the medium (Nanduri et al. 2006; Hu et al. 2015; Harper et al. 
2014). Similar study was performed (Hosseinidoust et al. 2011), investigating bacterial 
capture capability by immobilized phages, including T4. Covalent attachment through 
functionalized (prepared with APTES, among others) glass disks showed tailed phages like 
T4, to be more effective in adsorption and lysis of the host cells than other phages in the 
study, deeming T4 to be a model phage for this application.  
However, phage-treated surfaces, like flat, glass disks, require constant monitoring 
and modification to remain effective (Hosseinidoust et al. 2011; Hanlon 2007).  Further 
investigations (Meder et al. 2013; Cademartiri et al. 2010; Ferreira et al. 2015) studied 
different colloidal surfaces through functionalization on controlled interactions with phage. 
Colloids, specifically particles, are deliverable surfaces that can be studied in-vitro 
(Qhobosheane et al. 2001). Synthesis and functionalization of silica particles using ethanol 
(Ferreira et al. 2015) and toluene (Cademartiri et al. 2010) as silanization catalysts have 
been performed.  
 For APTES modified silica, approximate linear correlation between reagent 
concentration and charge during surface functionalization occurs (Cademartiri et al. 2010), 
resulting on surface charge to reach a maximum value. An increase in the concentration of 
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surface amine groups leads to an increase in phage binding, consistent with the interaction 
of the anionic head with the cation surface. However, when the silica surface is saturated 
with amine groups, a multilayer formation starts.  A point is reached beyond the saturation 
layer and a drop-in bacteriophage mobility is exemplified, where the amount of active 
phage on the surface decreases. It was concluded to be attributed to the lack of accessibility 
for the phage to the amine groups buried in the lower layers of the multilayer. 
Findings have repeatedly emphasized the importance and challenges associated 
with immobilized-phage orientation on substrates, specifically positioning of the host 
binding receptor proteins (Dixon et al. 2014; Singh et al. 2013; Bartual et al. 2010) on its 
tail. If a phage is bound to a surface such that its receptors are inaccessible to the host 
bacteria, it would not be able to capture and kill the cell. If the phages are bound on the 
surface on their side or their tail, they lose their ability to infect E. coli. Head down 
adsorption is required, thus causing T4 bacteriophage to remain infective while on the 
substrate for optimal bio-functionality. Illustrations of the varying attachment positions are 
seen in Figure 8. 
 
 
 
 
 
Figure 8: Nonspecific and Specific Adsorption (Cademartiri et al. 2010) 
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2.4 Scope of the Thesis  
Various studies have investigated phage immobilization with glass disks and 
colloids: finding appropriate phage tailored for scope, optimized amount of APTES for 
salinization and described the challenges of phage-orientation on modified surface. Further 
investigation is needed for T4 phage immobilization using both electrostatic and covalent 
attachment while maintaining integrity, viability and infection potential. To optimize 
physisorption and chemisorption, 500, 1000 and 1800 nm functionalized silica colloids 
were investigated for phage immobilization yield.   
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CHAPTER 3 
MATERIALS AND METHODS 
 
3.1 Materials and reagents 
Monodisperse Silica particle (colloids) each ranging in sizes 500, 1000, and 1800 
nm were obtained from Pinfire-Gems and Colloids. Glycerol 99%, was obtained by Acros 
Organics. Anhydrous Toluene (99.8%) was purchased from Alfa Aesar. APTES (3-
Aminopropyl) triethoxysilane was obtained from Aldrich and stored under vacuum. 
Omnipore Membrane 0.45µm filters were used. Wild-type T4 bacteriophage (ATCC® 
11303-B4™) and E. coli host bacteria (ATCC® 11303™) were both obtained from 
American Type Culture Collection (ATCC). Tryptic Soy Broth (TSB), Tryptic Soy agar 
(TSA) and Soft Agar (TSB + 0.75% Agar) were obtained from Sigma-Aldrich and prepared 
per their instructions. TSB, TSA and agar ( used to make soft agar) are nutrient mediums 
used for growth media for culturing of bacteria and viruses (Carson et al. 2010). Phage 
buffer, PBS buffer was prepared as the following: 800 ml distilled H2O: 0.4 NaCl, 0.1 g 
KCl, 0.72 g Na2HPO4, 0.12 g KH2PO4; pH 7.4, adjusted volume to 1L and autoclaved at 
121 °C for sterilization. Both PBS buffer and sterilized water were utilized for cultivation, 
dilution and washing of phages.  
 3.2 APTES Functionalization Silica Particles  
Prior to modification, silica samples (0.1g) were dried at 105°C for 24 hours in 
20mL vial. In the vial, these silica samples were mixed with 15mL of dry (anhydrous) 
toluene then placed in 3800 Ultrasonic Cleaner until solution was homogenous (10 min). 
2.56 mmol/g SiO2 (Cademartiri et al. 2010) (60µL) of APTES was added to silica and 
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toluene solution. Cademartiri et al. found an optimal amount of 2.56 mmol APTES/g SiO2 
agent for surface modification (Cademartiri et al. 2010). 
 Vial was then placed in clamper over a bain marie of 100 mL of glycerol and heated 
at 100°C for 24 hours, seen in Figure 9. Product was filtered with 0.45m filter and rinsed 
with 50 mL of dry toluene. The solution becomes opaque indicating a complete hydrolysis 
(Majoul et al. 2015). Final product was dried at 40°C for 3 hours (Cademartiri et al. 2010).   
 
 
 
 
 
 
 
 
 
Figure 9: Salinization Experimental Set-up 
 
3.3 Phage and host preparation  
3.3.1 Host Culture Preparation  
An inoculum from frozen glycerol stock (kept at -80°C) was streaked onto a fresh 
TSA plate and incubated overnight at 37 °C. A single colony from a plate was inoculated 
into 5-6 mL of TSB and incubated overnight at 37 °C, at least 2nd overnight culture was 
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used for experiment. A 100 μL aliquot of the overnight culture was inoculated into 25 mL 
of fresh TSB and grown for 3 hours to the logarithmic phase. 
3.3.2.  Propagation and stock preparation  
Phage stocks were prepared by soft agar overlay method described by Carlson et 
al. 2010. Phages were collected by adding 5 ml of PBS buffer to top layer of incubated 
TSA plates. PBS covered plates were left to sit for 3 hours at room temperature. PBS was 
then collected from the plates using a sterilized pipette, process continued until PBS was 
recovered from all the plates and transferred to 25 mL tube. Mixture was centrifuged at 
3200 g for 15 min and the supernatant was transferred to another tube and filtered through 
a 0.45 m. Titre of phage stock was determined and then stored at 4 °C.  
3.3.3 Soft-Agar Overlay Technique  
To determine bacteriophage titre (3.3 x 1010 PFU/ml), serial ten-fold dilutions were 
made with PBS buffer and soft agar overlay method (Carlson et al. 2010). Briefly, 1 ml of 
log phase host (incubated at 37°C for 3 hours), 1 ml of appropriate phage dilution was 
added to 5 ml of autoclaved-liquified soft agar (TSB + 0.75% Agar) cooled to 45-50°C 
before use and mixed. Soft agar was poured into fresh TSA plates and sat for 30 min with 
lid mostly covering the plate, until agar is solidified. Plates were inverted and incubated 
overnight. Phages were quantified through PFU/ml (plaque forming units/ml) were 
determined the next day.  
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3.3.3 Plaque Forming Units, quantifying phage  
As previously discussed, T4 immobilized on functionalized silica particles and 
maintain infection potential. A major reason for such high infection efficiency of the T4 is 
its specialized tail organelle (Bartual et al. 2010 ; Aksyuk et al. 2009; Leiman et al. 2010). 
To verify that the physisorbed or chemisorbed attached T4 retains its infection-potential 
once bound to silica particle, plaque assay experiments were performed for virus 
quantification, seen in Figure 10. Viral plaque assays determine the number of viruses 
causing infection or lysis of cells, known as plaque forming units (PFU). To minimize 
error, only plates containing between 10 and 100 plaques are counted. Statistical principles 
(Carlson et al. 2010) dictate that when 100 plaques are counted, the sample titer will vary 
by plus or minus 10%. Each dilution is plated in duplicate to enhance accuracy. If a 
coliphage loses its infection potential, the E. coli film in the agar plate after incubation will 
not have plaques, or lysis in the film. However, if the infection is preserved, goal in this 
study, T4 will use E. coli cell as host and will rupture, visually seen as a plaque in E. coli 
film. 
 
 
 
 
Figure 10: Plaque Assay 
 
 
E. coli 
film 
Plaques of E. coli 
lysis cells 
TNTC (Too Numerous To Count) 
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3.3.4 Testing binding of phages to modified silica particles: Electrostatic Attachment  
Electrostatic binding of phages to modified silica particles was prepared as 
previously described (Cademartiri et al. 2010). Silica particles (10 µl, density of solution 
0.1 g/ml) were added to 50 µl phage (3.3 x 1010 PFU/ml) in phage buffer (440 µl) and then 
the mixture was incubated overnight at room temperature with shaking. The tubes were 
centrifuged at F=5000 g for 1 min and the supernatants were removed using a pipette. That 
suspension of supernatant was the number of non-immobilized phage particles, as these 
phages did not adsorb onto the surface. The phage quantity was determined using the 
overlay technique. The pellet was then re-suspended in phage buffer (500 µl) and 
centrifuged again for 1 min at F=5000 g. The washing step was repeated 10 times. After 
washing, 500 µl of phage buffer was added to the pellet, swirled carefully, and the 
suspension was used to make serial dilutions to determine the titre of phages immobilized 
on the pellet, Figure 11, using the overlay technique. 
 
Figure 11: Supernatant and Pellet post centrifugation of Silica a Bacteriophage Solution 
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3.3.5 Testing binding of phages to modified silica particles: Covalent Attachment  
Covalent binding of phages to modified silica particles was prepared as following. 
Amide coupling agent solutions: 1 mg/ml EDC and 0.5 mg/ml NHS was prepared in diluted 
PBS (PBS 1:5 sterile DI water), adjusted pH to 7.3 ±0.1, 50 µl phage (3.3 x 1010 PFU/ml) 
was exposed to 1 ml of EDC/NHS solution for 15 minutes.  Then, APTES-silica particles 
were added to the EDC/NHS activated phages for 2 hrs. Solutions were centrifuged at 
F=5000 g for 1 min, and the supernatants were removed, and the number of non-
immobilized phage particles in each supernatant was determined using the overlay 
technique. The pellet was re-suspended in phage buffer (500 µl) and centrifuged again for 
1 min at F=5000 g. The washing step was repeated 15 times. After washing, 500 µl of 
phage buffer was added to the pellet and swirled carefully and the suspension was used to 
make serial dilutions to determine the titre of phages immobilized on the pellet using the 
overlay technique. 
3.3.6 Alterations of bacteriophage attachment preparation conditions  
Different methods, electrostatic and covalent attachment for T4 immobilization 
were tested to identify procedures that provide binding without affecting the virus infection 
potential. Within the two attachment methods, several factors from 3.3.4 and 3.3.5 were 
varied and summarized in Table 1.  
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Table 1 Summary of sample preparation conditions. For each diameter tested, both 
electrostatic and covalent attachment were utilized. The notes column indicates changes 
that were added to the relative sample and carried throughout the following samples. 
 
Factors altered during the samples are seen in Table 1. For first two samples, all 
three diameters were tested to conclude optimal particle size for phage immobilization. The 
number of viruses added to silica was increased with varying samples to increase number 
of infective phage bound per ml (PFU/ml). Silica density prepared to expose to 
bacteriophage was decreased from 0.1 g/ml to eventually 0.05 g/ml. The volume of silica 
added to the phage also decreased, as seen from sample 3 to 4. Notes in Table 1 include 
other factors that were used during sample preparation. The pellet, visualized in Figure 10, 
was difficult to re-suspend in phage without a detachment method. A needle then a 
Sample  
Diameters (nm) 
tested  
Virus 
Added 
(ml)  
Silica 
Density  
 
Silica 
added 
(µl) 
Notes  
1 500, 1000, 1800 0.05 0.1 g/ml 10 
needle for 
pellet 
2 500, 1000, 1800 0.5 0.0625 g/ml 10 
DI water used 
for washing, 
homogenizing 
pestle for 
pellet  
3 1000 0.5 0.05g/ml 10   
4 1000 1 0.05g/ml 5 
4°C overnight 
incubation for 
electrostatic 
attachment 
5 1000 1 0.05g/ml 5 
Pellet 
detachment 
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homogenizing pestle was utilized to remove from micro-centrifuge tube. For sample 5, no 
detachment method was needed as the pellet re-suspended.  
3.3.6 Flow Cytometric Staining 
To further investigate phage adsorption onto the silica particles, flow cytometry 
was utilized to detect and quantify the particles in suspension. Unstained, stained and 
functionalized, phage attached, silica particles were studied. Stained samples were marked 
with SYBR gold to run in flow cytometer. A 1:1000 dilution of the SYBR gold stock was 
used for bacteriophage and silica samples. Silica samples, dyed and un-dyed were analyzed 
for control purposes, since SYBR gold stains nucleic acid of biological entities, viruses.  
Florescence dye was added to samples, silica colloids and bacteriophage and incubated for 
15 minutes in the dark (Duhamel & Jacquet 2006). Samples were fixed utilizing 
glutaraldehyde at a final concentration of 0.5% for 20 minutes at 4°C.  
3.3.7 Scanning Electron Microscopy (SEM) and Transmittance Electron Microscopy 
(TEM) Sample Preparation  
Silica particles before and after modification were sonicated to promote dispersion 
and analyzed under SEM where 5 µl of sample was dropped cast it on silicon wafers. 
Wafers were cut with a diamond cutter and cleaned with UV light for 10 minutes. The 
samples were dried under a hood on Ted Pella aluminum mount (2” slotted head, 1/8” pin). 
T4 bacteriophage and sonicated silica particles were analyzed under TEM. Virus samples 
(1 ml) were centrifuged at F=16,000 g for 1 hour, 5 µl of sample was applied to Ted Pella 
#160 mesh copper grids, negatively stained with 2% uranyl acetate and dried (Cademartiti 
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et al 2010).  Silica samples (5 µl) were directly applied to copper grids and dried under 
hood conditions.  
3.4 Analytical Methods  
3.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 
Fourier Transform Infrared spectroscopy (FTIR) technique was performed to 
analyze reaction product characteristics. FT-IR / FT-Raman (Bruker IFS66V/S) from 
Arizona State University LeRoy Eyring Center For Solid State Science was utilized. 
Capabilities include vacuum environment of under 5 mbar and full spectral range coverage 
from ~10 to 12000 cm-1. Detector used was the MCT standard and accessories utilized 
included KBr beam splitter with a Diamond ATR module.  
 FTIR was used to confirm the successful addition of siloxane groups to silica by 
investigating different compositions in the material before and after synthesis. Infrared 
radiation is reached through the sample, where some amount of energy is absorbed while 
the rest is transmitted. The absorption or transmittance peaks collected from the IR spectra 
represent vibrations between the atomic bond structure particular to the material (Jackson 
& Mantsch 1995). The compilation of light interference within the sample, an 
interferogram, is produced and the Fourier transform of that output is what was analyzed 
(Perkins 1987). Peaks expressed at different frequencies, wavenumbers, with different 
intensities explain the type of bond formations and vibrations in the material (Smith 2006). 
FTIR is the preferred spectroscopy technique due to its advantages over other techniques. 
FTIR is a non-destructive, fast, sensitive technique that requires a small amount of sample.  
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3.4.2 Particle Hydrodynamic Size and Surface Charge (Zeta Potential) 
Surface charge (zeta potential) and particle hydrodynamic size was determined by 
electrophoretic mobility measurements and dynamic light scattering (DLS) using 
NanoBrook ZetaPALS Potential Analyzer (Brookhaven Instrument Corporation). 
NanoBrook ZetaPALS Potential Analyzer utilizes phase analysis light scattering to 
determine the diameter and electrophoretic mobility of charged, colloidal suspensions. 
Silica samples, both pristine and functionalized, were analyzed and dispersed in a high salt 
solution, 0.01 M KNO3 and adjusted pH of 7.2-7.4, representative of T4 physiological pH. 
Analytical method details include a DI matrix, KCI conductance and a refractive index of 
1.542 for silica.  
Charged particles dispersed in a liquid, form a layer of ions of opposite charge that 
strongly bound to the surface, forming a Stern layer. The layer promotes the arrangement 
of a second diffuse outer layer, diffusive ion layer, containing loosely associated ions. 
When the particles move in the liquid phase, because of kinetic energy and/or gravity, a 
boundary between the ions in the diffuse layer (that move with the particle) and ions in the 
bulk dispersant is created. The zeta potential is the electrostatic potential at the slipping 
place boundary described (Clogston & Patri 2011). The electrophoretic mobility is 
quantified by measuring the small frequency shift of the laser light source scattered by the 
charged particles that are changing in the external electric field. The shift in frequency is 
measured by phase analysis light scattering (PALS) technique (Clogston & Patri 2011).  
Dynamic light scattering (DLS) is the assessment of particle size through the 
measurement of random changes in the intensity of light scattered of the particles in a 
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solution. A laser is shown into the sample and the particles in the solution are exposed to 
the light source, diffracting the light in different directions, known as Rayleigh scattering. 
The scattering intensity fluctuates over time, correlated to the particles in suspension that 
experience random thermal motion, Brownian motion. The random motion is modeled by 
the Stokes-Einstein equation, representative of the sphere diameter (Goldburg 1999).  
3.4.3 Flow Cytometry 
 NovoCyte Flow Cytometer was used in this study. Flow cytometry, a laser-based 
technology, was utilized to quantify non-functionalized particles within the functionalized 
silica particle population through fluorescence analysis. As SYBR gold stain was used, 
section 3.3.6, green laser of 530 nm fluoresce intensity was the focus. Details of procedure 
include: silica concentration of 0.025 mg/ml and a cut off event of 105 events.  
Flow cytometers measures and analyzes physical characteristics suspensions of 
single particles, typically cells, and files them past a laser beam. The samples scatter and 
fluorescent light is quantified where properties measured include relative size, relative 
granularity or internal complexity and relative fluorescent activity. Flow cytometry 
characteristics are obtained using optical to electronic systems that archives particle scatter 
directed laser light and emits fluorescence. Forward scattered light is commonly used to 
detect the size of the object in the light path. Larger objects therefore will produce more 
forward scattered light than smaller objects. Side scattered light is typically used to 
determine the granularity and complexity of the object in the light path. Side scattered light, 
detected by a sensor is orthogonal to the original light path as the object refracts the light 
source.  
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
4.1 Silanization: modification of silica particles with APTES  
4.1.1  Zeta (ζ) potential and hydrodynamic diameter 
The changes in silica particle zeta potential, charge, and hydrodynamic size, 
diameter, upon coating with APTES were evaluated and displayed in Table 2. Pristine, 
non-modified and APTES modified particles were evaluated.  
Table 2: Zeta (ζ) potential and hydrodynamic diameter of pristine and functionalized 
particles. Numbers in parentheses represent the standard deviation from the mean, which 
was calculated from three independent samples, in triplicates for each sample. 
 
 
 
 
      
For all diameters tested, the zeta potential for silica particles in the 7.2-7.4 pH range 
showed negative charge, consistent with previous literature (Kim et al. 2014) and 
maintained a charge of -45 mV to -60 mV. The charge significantly increased with 
APTES coating to a range of 20 mV- 30 mV, displayed for 500, 1000 and 1800 nm silica 
particles.  
 The diameter of silica particles measured by DLS showed an increment of 
hydrodynamic sizes of SiO2 particles in water for the three diameters analyzed consistent 
 
Pristine  Functionalized  Pristine  Functionalized  
Diameter 
(nm) 
ζ-Potential (mV) Hydrodynamic Diameter (nm) 
500 -57.84 (5.74) 20.36 (2.38) 431.1 (25.4) 523.3 (27.1) 
1000 -45.13 (6.06) 25.45 (3.55) 937.7 (70.0) 1385.0 (62.2) 
1800 -52.00 (4.76) 27.52 (7.05) 1767 (32.5) 1854 (37.8) 
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with previous studies (Kim et al. 2014; Rahman et al. 2009; Ferreira et al. 2015). This is 
due to the increase in concentration of the NH2 group that leads to the enrichment in the 
rate of hydrolysis and condensation reaction, which induces the slight growth of the 
particles (Rahman et al. 2009), forming an amine coating.  
4.1.2 FTIR: Characterization of silica particles before and after APTES modification 
The functional groups in the samples, pristine and functionalized silica particles, 
(500, 1000, 1800 nm) were identified by the comparison of FTIR data with those reported 
in the literature, Table 1 in Appendix. FTIR absorbance results are displayed in Table 3. 
The complete FTIR absorbance spectra is exhibited in Figure 12 to demonstrate the 
similarities of adsorption bands before and after modification on a full scale. To evaluate 
functional groups within the spectra, the wavelength was broken up in segments literature 
have reported as specialized regions ranging from 3600 to 1800 cm-1, Figure 13 a and 1800 
to 600 cm-1, Figure 13 b. Although all sizes pristine particles were evaluated, a mean value 
was used for the Figures 12-13 a and b, displayed in black.  
FTIR spectra of pristine silica particles demonstrated a series of silica-specific 
characteristic absorption bands. The following spectra was a confirmation method that this 
study’s silica samples are consistent with literature.  Absorption bands of pristine silica 
particles were later compared to bands of functionalized silica. Studies (Ferreira et al. 2015) 
have reported silica particles asymmetric vibration of Si-O, asymmetric vibrations of Si-
OH and symmetric vibration of Si-O at 650, 960 and 795 cm-1, respectively seen in Figure 
13 b. Absorption bands displayed in the 800 and 1260 cm-1 range concluded to be various 
SiO2 peaks, Si-OH bonding and peaks from residual organic groups (Ferreira et al. 2015).  
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Table 3: Vibrational features for pristine and functionalized silica particles 
 
 
 
 
 
Particle  
Functional 
Groups  
Vibrational Features (cm-1) Functional Groups  
Pristine Silica 
Si-O 1650 scissor bending 
Si-OH  960 asymmetric vibration 
675 symmetric vibration 
800-1260 bonding peaks from 
residual organic groups 
SiO2 800-1260 vibrational modes 
Functionalized 
APTES Silica 
NH2  
3300 asymmetric 
3290 symmetric 
1610 asymmetric 
deformation 
1562 deformation modes 
1484 deformation modes 
1460 vibrational modes  
1590-1569  asymmetric  
CH2  
2932 asymmetric 
2883 symmetric 
1400 backbone  
Si-CH2 
1410, 1450, 1550 bending mode 
2947  bending mode 
940 decreased 
NH 
3400 and 1616  stretching  
3368 and 3295  asymmetric  
surface 
amino 
groups 
1575 and 1485 
 
bending mode 
CH3 
1440 asymmetric 
1390  symmetric  
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Figure 12: Full FTIR absorption spectrum of pristine silica particles and APTES-
functionalized silica particles of different sizes. 
Confirmation to validate the formation APTES on silica particles was done through 
FTIR spectra analysis. Silica particles modified with APTES were hydrolyzed and 
condensed. Varying solvents can be used for hydrolysis of the alkoxy groups of APTES. 
After hydrolysis, condensation reactions occur where hydrolyzed APTES molecules react 
with each other through a self-condensation process. The reactions also occur with different 
molecules containing hydroxyl groups through a condensation reaction. Spectra absorption 
bands associated with functionalization displayed characteristics dependent on silanization 
functional groups, where APTES is the studied silane applied to silica. The presence of 
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absorption bands associated with APTES silanization includes NH2, CH2 and SiO bonds 
(Majoul et al. 2015).   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13 (a): FTIR 3400-1800 cm-1 (b) 1800-600 cm-1 spectrum of pristine silica 
particles and APTES-functionalized silica particles of different sizes. 
(a) 
(b) 
35 
Toluene is used for hydrolysis of the alkoxy groups, or as a solvent used for 
salinization. Toluene can contribute signal intensities in 2800 and 3000 cm-1 range which 
were observed as seen in Figure 13 a but was not observed in previous studies (Kim et al. 
2009). 
During salinization, horizontal polymerization can occur when ethoxy groups are 
hydrolyzed. The resulting silanol moieties can react with each other through condensation 
reaction to produce siloxane bonds. The amine, NH2 groups associate with silanols are 
present on the silicon surface. Obtaining the right structure of aminosilane layer with 
terminal amines is necessary for further surface modifications. It has been proposed 
(Chiang et al. 1980; Nakagawa et al. 1985) that rise in formation of SiO-…H…NH2+ is due 
to proton transfer from acidic surface silanols to basic NH2 groups. 
 Vibrational modes around 1610 and 1460 cm-1 have been reported (Kim et al. 
2009) to originate from NH2 groups in the APTES film, seen in Figure 13 a. Furthermore, 
bands seen around 1590-1569 cm-1 have been observed as NH2 asymmetric bending 
(Ferreira et al. 2015). Spectral region between 3400 to 2800 cm-1 was characterized 
(Majoul et al. 2015)to have asymmetric, 3300 cm-1 and symmetric, 3290 cm-1 NH2 
stretching modes, displayed in Figure 13 a. Related peaks, 1562 and 1484 cm-1 allocated 
to the NH2 deformation modes of the amine groups form cyclic structures through 
hydrogen bond to silanol groups (Balas et al. 2007).  
During hydrolysis, basic functional groups such as amines (CH2) will self-catalyze 
leading to a monolayer formation of aminated silane film. Peak associated with CH2 
vibrational mode from the APTES backbone starting around 1300 cm-1 (Rahman et al. 
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2009), however it was seen to be around 1400 cm-1 in this investigation, with stronger peaks 
seen in 1000 and 1800 nm functionalized silica beads. Vibrational mode found around 1410 
cm-1 is from the bending mode of the methylene attached to Si in APTES (-Si-CH2) (Kim 
et al. 2009). Another study (Rahman et al. 2009) reported the (-Si-CH2) vibrations at 2947 
and 1384 cm-1. Other studies have reported (Majoul et al. 2015) the stretching modes of 
CH2 around 2932 and 2883 cm
-1.  
During silanization, surface hydroxyl groups react with APTES to form siloxane 
groups or Si-O-Si bonds (Ferreira et al. 2015) from and/or: the silicon substrate, condensed 
APTES with the silicon substrate and polymerized APTES (Kim et al. 2009). Kim et al. 
(2009) associated Si-O-Si bond around 1045 cm-1, however it is seen from Figure 13 a, that 
a higher absorbance peak around 1000 cm-1 is consistently displayed throughout the silica 
samples, which was inconsistent with most literature. Rahman et al. 2009 was another 
study that had a peak around this area of the spectra, which was associated with silanols 
groups. Rahman et al. (2009) labeled asymmetric stretching and bending of siloxane groups 
at 1200-1100 and 467 cm-1.  Majoul et al. (2015) observed asymmetric stretching modes 
of the Si-O-Si bond peaking at 1130 and 1044 cm-1.  Although those peaks were not 
observed, Ferreira et al. 2015 associated a decreased peak before and after silanization at 
940 cm-1 to the reaction between silanol groups and APTES, which was observed in Figure 
13 b. The decrease is due to the conjugation, or anchoring or silica particles with APTES, 
weakening the silanol peak.  
Silanol moieties are the result of hydrolyzed ethoxy groups through polymerization. 
Silanol group stretching, asymmetric stretching and bending have been evaluated at 3450 
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cm-1 (Kim et al. 2009). Ferreira et al. (2015) associated 3740-3000 cm-1 absorption band 
range to the stretching vibrational frequency of the silanol groups. Additionally, Kim et al, 
(2009) concluded vibrational modes found at 1575 and 1485 cm-1 arise from surface amino 
groups rather than bulk film as peaks are present are associated with bulk coating thickness. 
Ethoxy groups are concluded to be from the presence of physically adsorbed 
unhydrolyzed APTES. This study displayed that in some cases the APTES layers were 
partially bonded or hydrolyzed, with some APTES molecules retained their ethoxy groups 
Acres et al. (2012). With deposition times of 24 hours (Kim et al. 2009), asymmetric and 
symmetric deformation modes of CH3 group from ethoxy moieties of APTES located 
around 1440 and 1390 cm-1 were observed. Vibrational modes that were not observed and 
previously reported were in the lower spectra, the location of the high absorbance peak 
around 1000 cm-1. Previous studies report peaks evaluated at 1195, 1080, and 960   cm-1 
have been observed as the unhydrolyzed ethoxy moieties in APTES (-OCH2CH3) (Kim et 
al. 2009; Chiang et al. 1980; Peña-Alonso et al. 2007; Howarter & Youngblood 2006).  
Overall, this study found absorption bands that were characteristic of APTES 
functionalized associated moieties, NH2, CH2 and SiO bonds, similar to those of previous 
studies. FTIR absorption bands located between frequencies 3400-600 cm-1 were evaluated 
for targeted functional groups before and after salinization as seen in Table 3. All three 
diameters exemplified modification from pristine to APTES coated silica and was 
characterized through zeta potential, hydrodynamic diameter and FTIR.  
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4.1.3 Scanning Electron Microscopy 
Pristine and functionalized silica particles 500, 1000, 1800 nm were examined 
using scanning electron microscopy (SEM) shown in Figure 14. Diameter size differences 
between DLS, Section 4.1.1 and SEM have been reported (Ferreira et al. 2015; 
Hosseinidoust et al. 2011) as the hydrodynamic diameter is typically higher than the 
diameter obtained by direct analysis to the particle using SEM images. Hydrodynamic 
diameter takes hydration thickness in consideration, resulting in slightly larger than the size 
determined by SEM. SEM confirmed the structure of colloids and minimized error in 
further experimentation and calculation due to uniform and smooth surface areas.  
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Figure 2: SEM Images of pristine and APTES-functionalized silica particles  
(a) Pristine silica (b) APTES-functionalized silica 
500 nm 
1000 nm 
1800 nm 
40 
4.2 Bacteriophage adsorption to modified silica particles  
4.2.1 Plaque Assays: Quantification of adsorbed phages 
To verify that the silica-tethered T4 preserves its infection potential, plaque assay 
experiments were conducted and results displayed in Figure 14. For each valued displayed 
in Figure 14, at least duplicate samples were performed. The number of plaques on 
incubated E. coli film were quantified in log units (PFU/ml) for both attachment methods 
with varying diameters and conditions.  
 
 
 
 
 
 
 
 
 
Figure 3: Number of Infective phage on modified silica after a period interaction and 
washing.  Electrostatic attachment is represented in solid black while red symbols signify 
41 
covalent binding. Varying diameters are displayed 500 nm as a square, 1000 nm as a 
circle and 1800 nm with a triangle. Samples 3-5 were bound to 1000nm silica colloids. 
It can be seen from Figure 15 covalent and attachment methods from Sample 1 had 
similar phage bound results regardless of binding method as all the samples had 3 log 
attachment.  For the second set of samples, all three diameters were tested with both 
methods while decreasing the density of silica beads added from 0.01g/ml to 0.0625 g/ml. 
With this alteration, electrostatic bound phage increased a log while covalent attachment 
increased two logs from the previous sample. Samples 3-5 were performed with 1000 nm 
sized diameters using both attachment methods and same density of silica added, 0.05 g/ml. 
Samples 3-5 only used 1000 nm diameters because as seen in sections 4.1.1 and 4.1.2: 500, 
1000 and 1800 nm silica particles had similar APTES modification results; therefore, the 
median diameter of 1000 nm was utilized. Results from plaque assays also aided the 
decision as Figure 15 demonstrates that the diameter of modified silica does not affect 
immobilization adsorption.  Sample 3 demonstrates covalent attachment binds one log 
more than electrostatic attachment with altered silica density. Samples 4 and 5 are prepared 
with an increase in phage exposed to silica beads and a smaller quantity of beads added, 
while maintaining sample 3 silica density. Samples 4 and 5 has similar results to Sample 
3, electrostatically bound phage are in the range of 5-8 105 PFU/ml while covalently 
attached phage vary from 5-7 106 PFU/ml.   
Overall, after alterations to sample preparation and utilizing the 1000 nm modified 
silica particle adsorption was quantified to be as the following. Physisorbed, electrostatic 
attached phage were bound 5-8 105 PFU/ml while chemisorbed, covalently attached phage, 
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bound 5-7 106 PFU/ml. Therefore, it is concluded that chemisorbed phages have one log 
greater yield of infectivity than the physisorbed phage.  
4.2.2 Flow cytometry 
Flow cytometry analysis was utilized to investigate 1000 nm silica beads and 
bacteriophage attachment to silica particles, or beads. Flow cytometry analyzed 
electrostatic attachment method, using Sample 3 from Table 1. The most common gating 
strategy, Figure 16, displays forward scatter (FSC) and side scatter (SSC) and was utilized 
to find single cell events.  
 
 
 
 
 
 
 
Figure 4: Forward and side scatter of all silica beads 
  
Single beads or individual particles, singlets, were gated as they were the region of 
interest, seen in red in Figure 16. It is assumed that bacteriophage would attach to singlet 
beads versus aggregated beads as singlets are more accessible. Singlets represent 
approximately 60% of the functionalized beads analyzed.  Singlets are included as single-
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functionalized beads are analyzed to eliminate debris and clumps or doublets. The singlet 
bead gated region was further utilized in Figures 17 and 18. Aggregated silica, or clumps 
of colloidal silica is visualized in Figure 19 as couplets, gated at around 14%, and 
conglomerated beads as SSC and FCC increase in intensity.  
The bacteriophage attached the silica was prepared with SYBR gold, section 3.3.6. 
SYBR Gold is a sensitive fluorescent stain for detecting double or single stranded DNA or 
RNA (Chen et al. 2001). As mentioned, T4 is double stranded DNA. Therefore, when silica 
is stained, Figure 17, a low fluorescence will be detected as there is a lack of nucleic acid 
to stain, but still slightly stained nevertheless. For the control, unstained silica detected 
some amount of fluoresce, seen in blue in Figure 17. This occurs as any object has a small, 
inherent fluorescence intensity.  
 
 
 
 
 
 
Figure 5:  Unstained, Stained and Immobilized Phage SYBR gold per count, gated on 
single beads. Unstained silica represented in blue, stained silica represented in red and 
immobilized phage is shown in green.  
530 nm Fluorescence Intensity (a.u.)  
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From Figure 17, it is concluded that bacteriophages are attached to silica colloids. 
Therefore, silica beads that were coated with APTES were functionalized and attract 
viruses through charge differences. To determine what fraction of the silica beads added to 
bacteriophage were indeed amine coated, as some beads have the chance to not be fully 
functionalized, further analysis was performed. It is seen in Figure 17, that a fluorescence 
value around 500 a.u., there is a clear divide from the stained silica, red, and the beads with 
viruses detected on the surface, green. Furthermore, it can be concluded that the stained 
silica, red, do not, or have a small amount of bacteriophage on its surface due to its SYBR 
gold intensity. Figure 18 focused on the 500 a.u. fluorescence intensity range seen in Figure 
17analyzed through SSC. Where to the left of 500 a.u., the stained silica region, silica beads 
do not have bacteriophage and assumed to not be functionalized. Stained but non-
functionalized silica beads made up less than 10% of the bead singlets gated. Most the 
beads, seen in Figure 18, were shifted to the right of 500 a.u. SYBR gold, deemed to be 
functionalized.  
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Figure 6:  Side scatter and SYBR Gold Fluorescence gated in single beads 
 
Overall flow cytometry results specifically Figure 17, demonstrated functionalized 
silica particles, where phage was electrostatically attached to the modified substrate. This 
was concluded as stained functionalized particles shifted in fluorescence intensity 
compared to stained un-functionalized particles. It was also concluded, from Figure 18, 
that more than 85% of silica particles in the bead singlet gate were functionalized.  
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4.3 Challenges of this study  
There were several challenges for optimizing phage binding to functionalized silica 
particles. Results from section 4.2.1 and 4.2.2 were utilized to analyze the quantity of phage 
adsorbed per modified silica particle, refer to Appendix D for details. Table 4 summarizes 
the amount of T4 virions attached per particle based on phage binding from Figure 15. 
Please refer to Table 1 for sample preparation details. 
Table 4: Bacteriophage bound per particle (PFU/particle) per sample preparation 
 
 Table 4 displays low PFU per particle, especially in Samples 1-2. Samples 3-5 
demonstrate a change in protocol from sections 3.2.4 and 3.2.5 where silica density and 
amount of silica added decreases and an increase in volume of phage added per sample, 
referring to Table 1. Samples 4 and 5 display optimal yield for electrostatic and covalent 
attachment, refer to Figure 15, although does not demonstrate optimal yield of attachment 
 Attachment Method (PFU/particle) 
Sample  
Electrostatic Covalent 
500 nm  1000 nm  1800 nm 500 nm 1000 nm 1800 nm 
1 9.7 x 10-5 3.2 x 10-4 3.2 x 10-3 6.6 x 10-5 4.4 x 10-4 3.7 x 10-3 
2 6.0 x 10-4 5.7 x 10-3 0.003 0.001 0.006 0.07 
 1000 nm 1000 nm 
3 0.014 0.098 
4 0.019 0.25 
5 0.024 0.26 
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per individual particle, or bead singlet, refer to Table 4.  Therefore, the ratio of bound 
infectious phage to silica particle is not optimal. Due to the structure of the T4 and size of 
silica colloids, more than fraction of a particle should have virions bound to its surface. 
Silica density exposed to T4 became a challenge in this investigation. Silica particles 
overpowered in quantity compared to phages, Table 4, and this could be in part by the lack 
of accessibility of the phage to single particles. Although most of the beads in the samples 
were singlets, or singular particles, Figure 16, bead aggregates did form, Figure 19.  The 
SEM image of the silica particles arranges in an aggregated manner, leaving little room for 
phage to adsorb.  
 
 
 
 
 
 
 
 
 
 
 
Figure 7: SEM image of silica aggregates 
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CHAPTER 5 
SUMMARY AND CONCLUSIONS  
 
The aim of this research is to establish a framework to develop methods, 
electrostatic and covalent, to attach T4 functionalized silica colloids. Firstly, successful 
modification of anionic pristine silica to cationic functionalized silica was achieved.  
Functionalization was determined to occur as positively charged, silane layer coated 500, 
1000 and 1800 nm silica particles increased in zeta potential charge and hydrodynamic size 
as well as demonstrated absorption bands whose functional groups are associated with 
APTES silanization.  
 Methods to chemisorb and physisorb wild type T4 while maintaining their infection 
potential and physiological state were developed and performed. It was hypothesized that 
the yield of immobilization will be dependent on the immobilization pathway. As well as 
the infectivity of the phage will be affected differently by different immobilization 
pathways. Both methods had similar phage binding (PFU/ml) of 3 logs at first and after 
adjusting methods and utilizing 1000 nm colloids, it was determined that covalent 
attachment yielded 106 PFU/ml while electrostatic attachment resulted in 105 PFU/ml. 
Plaque assay results demonstrated the yield and infectivity of immobilized phage were 
dependent on adsorption method. Covalent method yielding 1 log more than electrostatic 
attachment and both methods retained infectivity of the phage.   
Studies (Hosseinidoust et al. 2011) have been performed with differing means of 
immobilization and phage. However, there have not been studies performed with 
specifically T4 phage immobilized on a silica particle substrate through both electrostatic 
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and covalent attachment. Furthermore, Cademartiri et al. 2010, reported AG2 to have 105-
106 PFU/ml electrostatic binding to APTES functionalized silica particles, consistent with 
this study’s findings. However, literature reports (Hosseinidoust et al. 2011) covalent 
attachment to have a much stronger bond and can improve up to 3.5 log units than by 
electrostatic binding, not seen in this study.  
Future investigations through TEM analysis will need to be performed to verify the 
structural integrity and orientation of the attachment of T4 to silica particle. TEM images 
will bring insight to the phage orientation when adsorbed the colloid. For tailed phage, it 
is crucial that the capture proteins on the phage’s tail are exposed to the environment, 
therefore the host. Specific adsorption, phage capsid attached to the substrate while tail is 
pointed out, Figure 8, is desired and must be further examined.  
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APPENDIX A  
TEM IMAGES  
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Figure A1: TEM image of T4 bacteriophage the aid of David Lowry at Arizona State 
University  
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Figure A2: TEM Image of modified silica particles 
(a) 
(b) 
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APPENDIX B 
SEM IMAGES OF AGGREGATED SILICA BEADS  
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Figure A1: SEM images (a) 10,000 x (b) 1500 x of Aggregated Beads 
 
 
 
(a) 
(b) 
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APPENDIX C 
SUPPLAMENTAL TABLE ABSORPTION BANDS WITH REFERENCES  
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Table 1C: FTIR absorption bands  
 
 
 
Particle
Functional 
Groups
Vibrational Features 
(cm
-1
)
Reference
Si-O 1100 Ferreira et al. 2015
960 Ferreira et al. 2015
795 Ferreira et al. 2015
Pristine Silica 800-1260 Ferreira et al. 2015
SiO2 800-1260 Ferreira et al. 2015
CH3 2980 Majoul et al. 2015
CH2 2930 Majoul et al. 2015
1610 M. Qhobosheane et al. 2001, Kim et al. 2009
1562 Majoul et al. 2015, Balas et al. 2007
1484 Majoul et al. 2015, Balas et al. 2007
1460 Kim et al. 2009
1590-1569 Ferreira et al. 2015
2932 Majoul et al. 2015
2883 Majoul et al. 2015
1300 Kim et al. 2009
1410 Majoul et al. 2015, Kim et al. 2009
2947 and 1384 Rahman et al. 2009
1045 Kim et al. 2009
1200-1100 and 467 Rahman et al. 2009
1130 and 1044 Majoul et al. 2015
460 Majoul et al. 2015, M. Qhobosheane et al. 2001
940 Ferreira et al. 2015
3400 and 1616 Ferreira et al. 2015
3368 and 3295 Majoul et al. 2015
Functionalized 
APTES Silica
3450, 1100 and 950 Kim et al. 2009
3700-3000 Majoul et al. 2015
1575 and 1485 Kim et al. 2009
1440 Kim et al. 2009
surface amino 
groups
1390 Kim et al.2009
CH3 1195, 1080, and 960 Kim et al.2009
silanol groups
Si-OH
NH2
CH2
Si-CH2
Si-O-Si
NH
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APPENDIX D 
PARTCILE SIZE SURFACE AREA  
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Utilizing the information collected from sections 4.2.1 and 4.2.2, PFU per silica 
colloid was calculated. Calculations used fundamental information using silica density, 
surface area of colloids, virus in suspension and viruses attached. The results from Figure 
17 were utilized when calculating number of functionalized beads in the sample, as 
around 87% of the modified beads were declared to be functionalized. 
Table 1D: Particle/PFU Calculation Supplemental  
 
 
 
 
 
density 1.8 g/cm3 
diameter 500 nm  
0.5 um  
0.0005 mm  
0.00005 cm 
silica added 0.1 g/ml  
0.1 cm3/ml 
volume of one 
particle 
6.545E-14 cm3/particle 
   
total nb of 
particle 
1.52788E+12 particle/ml 
surface area of 
one particle 
7.854E-09 cm2/particle 
total surface area 12000 cm2    
viruses in 
suspension 
50 ul 
stock 
concentration 
33000000000 PFU/ml 
nb of virus added 1650000000 PFU/ 0.5ml 
Volume of 
particles added 
10 ul 
particle added 28534759358 particle/0.5 ml 
Nb of PFU per 
particle 
5.782421289 
 
viruses adsorbed 450000 PFU/ml 
before dilution 900000 PFU/ml 
nb of PFU 450000 PFU  
1.57702E-05 PFU/particle 
